Abstract-Cytochrome P-450-dependent oxidative cleavage of 1 -(tetrahydro-2 furanyl)-5-fluorouracil (FT) was investigated in a reconstituted system containing purified phenobarbital-inducible cytochrome P-450 (P-4501) or 3-methylcholan threne inducible cytochrome P-450 (P-4481).
A pyrimidine antimetabolite, 5-fluorouracil (5-FU), is known to have a significant therapeutic effect on several adenocarci nomas. Its masked form, 1 -(tetrahydro-2 furanyl)-5-fluorouracil (FT), is also used as an anti-cancer agent, and it has lower toxicity than 5-FU (1) . FT has been con sidered to be slowly converted into 5-FU by two main pathways in the liver: one occurring in the microsomal fraction and the other in the 100,000xg supernatant fraction (2-4). Involvement of the microsomal cytochrome P-450-dependent mixed function oxidase system in the conversion of FT into 5-FU has been suggested by the observations that FT was decomposed at a higher rate in liver microsomes from phenobarbital-pretreated mice than in those from untreated mice and that addition of FT to rat liver microsomal preparation caused a substrate binding spectral change (5). However, unequivocal evidence for the involvement of cytochrome P-450 has not been reported yet.
We studied the conversion of FT into 5-FU in a reconstituted system containing purified cytochrome P-450 obtained from pheno barbital or 3-methylcholanthrene-pretreated rabbits, and we confirmed that the cytochrome P-450-dependent mixed function oxidase system participates in the oxidative cleavage of FT to form 5-FU.
Materials and Methods

Preparation
of microsomes: Male New Zealand rabbits (weighing 2 to 2.5 kg) were injected intraperitoneally with 80 mg of phenobarbital or 40 mg of 3-methylchol anthrene per kg body weight once daily for 4 days. The animals were deprived of food for 20 hr before sacrifice. The livers were perfused with 0.25 M sucrose solution and homogenized in eight volumes of the same solution. After centrifugation at 10,000 x g for 20 min, the microsomal pellet was obtained by further centrifugation at 105,000 x g for 90 min. After washing once with 1.15% KCI solution, the pellet was frozen and stored at -80°C until further use for purification of cytochrome P-450.
Analytical methods: The content of cyto chrome P-450 was determined as described by Omura and Sato (6), using an extinction coefficient of 91 mM-1 cm-1. Protein concen tration was measured by the method of Lowry et al. (7), using bovine serum albumin as a standard. FT was quantified with a Shimadzu Model LC-2 high pressure liquid chromatograph (HPLC) equipped with a UV detector operating at 254 nm as previously described (8). 5-FU was measured as its trimethylsilylated derivative with a JEOL Model JMS-D 300 mass spectrometer with an electron-impact ion source connected to a JEOL MODEL JGC-20KP gas chromato graph as previously described (8, 9).
Enzyme assay in a reconstituted system: The activity of purified NADPH-cytochrome P-450 reductase was assayed by measuring NADPH-cytochrome c reductase activity by the method of Mihara and Sato (10). One unit of the enzyme was defined as the amount catalyzing the reduction of 1 Pmol of the acceptor per min at 25'C. The reaction mixture for the assay of mixed function oxidase activity contained 2.5 /N cytochrome P-450, 1.0 unit of NADPH-cytochrome P 450 reductase, Triton X-100 (0.05%, w/v), 1 mM NADPH, 0.1 M potassium phosphate buffer (pH 7.4) and 1.6 mM FT as a substrate in a final volume of 1.0 ml as previously described (11-13). The reaction mixture was incubated at 37'C for 20 min. The conversion of FT to 5-FU proceeded linearly during this incubation time. The rate of the conversion was determined by subtracting the amount of 5-FU formed per min in the buffer alone from that in the system, since a small amount (about 0.05%) of FT is nonenzymatically converted into 5-FU in the buffer at 37'C during this incubation time.
Spectral change caused by addition of FT to purified cytochrome P-450 preparation: Equal amounts of cytochrome P-4501 (4.3 ,W) or cytochrome P-4481 (2.2 W) in 0.1 M potassium phosphate buffer (pH 7.4) were placed in sample and reference cuvettes, and difference spectra were measured by successively adding grains of FT to the sample cuvette. After each difference spectrum had been taken, 0.1 ml of the solution from the sample cuvette was used to determine the FT concentration. 
Results
Interaction of FT with purified cytochrome P-450: The addition of FT to 0.1 M potassium phosphate buffer (pH 7.4) containing 4.3 /LM cytochrome P-4501 caused a reverse type I spectral change (21) characterized by the appearance of a trough at 382 nm and an absorption peak at 416 nm (Fig. 1A) . The dissociation constant (KS) based on the difference spectra was calculated as 13.7 mM from reciprocal plots of the absorbance changes at 416 nm relative to 382 nm (Fig.  1 B) . Addition of 5-FU to the buffer con taining cytochrome P-4501 could not cause the spectral change. This observation indicates that the tetrahydrofuran moiety is required for binding of FT to cytochrome P-450.
The addition of FT to the buffer containing 2.2 /cM cytochrome P-4481 also caused the reverse type I spectral change characterized by the appearance of a trough at 380 nm and an absorption peak at 414 nm ( Fig. 2A) . K; was calculated to be 28.6 mM from reciprocal plots of the absorbance changes at 414 nm relative to 380 nm (Fig. 2B) . Conversion of FT into 5-FU in a recon stituted system containing purified cyto chrome P-450: Conversion of FT into 5-FU was studied in a reconstituted system con taining purified cytochrome P-450 and NADPH-cytochrome P-450 reductase. Sig nificant production of 5-FU was observed in the reconstituted system, and its rate was 71 pmols/min/nmol P-450 (Table  1) . Cytochrome P-450, NADPH-cytochrome P 450 reductase and NADPH were required for the production of 5-FU in the recon stituted system. Neither superoxide dismutase nor catalase had a significant effect on 5-FU production in the reaction mixture. Therefore, superoxide anion and hydrogen peroxide may not be directly involved in the conversion of FT. To further evaluate the participation of cytochrome P-450 in the reaction, the effects of various inhibitors of cytochrome P-450 on the rate of the conversion were examined in the reconstituted system ( Table  2) . Marked inhibition was caused by 0.1 mM metyrapone or 20 /eM phenyl isocyanide. Under an atmosphere of 90% carbon monoxide and 10% oxygen, the rate of 5-FU production decreased to 30% of that under an atmosphere of 90% nitrogen and 10% oxygen. These observations indicated that conversion of FT into 5-FU is catalyzed by the hepatic microsomal cytochrome P-450 dependent mixed function oxidase system. The kinetics of 5-FU production from FT were studied in the reconstituted system. The apparent Km calculated from Lineweaver
Burk plots was 1.2 mM, while Vmax was 125 pmol 5-FU formed/min/nmol cytochrome P-450 (Fig. 3) .
The conversion of FT into 5-FU was also examined in a reconstitued system containing purified cytochrome P-4481. The rate of 5-FU production was 45 pmol 5-FU/min/nmol cytochrome P-448 (Table 3 ). This indicated that the phenobarbital-inducible species of cytochrome P-450 has a higher catalytic activity for 5-FU production than the 3 methylcholanthrene-inducible one. Table  3 . Rate of 5-FU production in a reconstituted system containing cytochrome P-4481 Discussion The conversion of FT into 5-FU was observed in a reconstituted system containing purified cytochrome P-4501 or P-4481. Cytochrome P-450, NADPH-cytochrome P 450 reductase and NADPH were required for 5-FU production in the reconstituted system. Neither superoxide anion nor hydrogen peroxide was directly involved in the reaction. Inhibitors of cytochrome P-450 such as carbon monoxide and metyrapone markedly decreased the 5-FU production rate in the reconstituted system. Moreover, FT interacted with cytochrome P-4501 or P-4481, causing a reverse type I spectral change. From these observations, we concluded that the hepatic microsomal cytochrome P-450 dependent mixed function oxidase system participates in the oxidative cleavage of FT.
FT interacted with cytochrome P-450, causing the reverse type I spectral change. Alcohols, glucocorticoids and phenacetin are known to induce the spectral change of cytochrome P-450, and hydroxyl groups may play an important role in the reverse type I interaction (14, 21, 22). From our observation that 5-FU could not induce the spectral change, the tetrahydrofuran moiety seems to be required for the reverse type I interaction of FT with cytochrome P-450.
The dissociation constant (K5) of FT to cytochrome P-4501 was 13.7 mM, and it was found to be much larger than the Michaelis constant (Km), 1.2 mM, of the drug to the cytochrome. The reason for the discrepancy between the values of KS and Km remains to be elucidated.
However, there are several examples of this kind of discrepancy reported for the type II substrates and the reverse type I substrates. For instance, Schenkman et al. (14) have reported a similar discrepancy between KS and Km for a type II substrate, aniline. After they conducted a detailed study on the reverse type I spectral change, they (21) concluded that the reverse type I spectral change does not appear to be related to substrate metabolism like the type I spectral change.
Since FT was converted into 5-FU in the reconstituted system containing purified cytochrome P-450 and other enzyme systems were not required for the reaction, FT seems to be first oxidized at one of the C-2', -3', -4' and -5' positions of the tetra hydrofuran moiety by the mixed function oxidase system, resulting in formation of a chemically labile intermediate which spon taneously cleaves to form 5-FU. Oxidation at the C-3' or C-4' position of the tetra hydrofuran moiety is known to yield stable products, 3'-hydroxy-FT or 4'-hydroxy-FT, as described by Marunaka et al. (23), and therefore, it could not be the mechanism for 5-FU production by the mixed function oxidase system. The remaining molecular sites of the possible oxidation by the system are the C-2' or C-5' position of FT; 2' hydroxy-FT or 5'-hydroxy-FT seems to be a chemically unstable intermediate. Hypo thetically, 2'-hydroxy-FT has been con sidered to cleave spontaneously to form 5-FU and r-butyrolactone, and 5'-hydroxy FT to form 5-FU and succinaldehyde (3, 4). Sayed and Sadee (4) recently suggested that FT is converted into 5-FU through oxidation at the C-5' position by liver microsomes since succinaldehyde, but not T-butyrolactone, was found in the reaction mixture containing rat liver microsomes and NADPH. Therefore, FT may be oxidized at the C-5' position by the cytochrome P-450 dependent mixed function oxidase system. However, further investigation is required to elucidate the mechanism for oxidative cleavage of FT.
In conclusion, using the reconstituted system, we confirmed that the hepatic microsomal cytochrome P-450-dependent mixed function oxidase system catalyzes the oxidative cleavage of FT. Phenobarbital inducible cytochrome P-450 showed higher catalytic activity than 3-methylcholanthrene inducible P-448.
Cytochrome P-450-dependent drug hydro xylase activity in liver microsomes often seems to be impaired in tumor-bearing animals with liver disorders (24). Induction of phenobarbital-inducible cytochrome P-450 may increase the activity of the conversion of FT into 5-FU in the liver and thereby enhance the effectiveness of FT treatment in tumor-bearing patients with impaired drug metabolism. 
